In a previous paper it was shown that any dark sector model can be mapped into a non-adiabatic fluid formed by two interacting components, one with zero pressure and the other with equation-ofstate parameter ω = −1. It was also shown that the latter does not cluster and, hence, the former is identified as the observed clustering matter. This guarantees that the dark matter power spectrum does not suffer from oscillations or instabilities. It applies in particular to the generalised Chaplygin gas, which was shown to be equivalent to interacting models at both background and perturbation levels. In the present paper we test the non-adiabatic Chaplygin gas against the Hubble diagram of type Ia supernovae, the position of the first acoustic peak in the anisotropy spectrum of the cosmic microwave background and the linear power spectrum of large scale structures. We consider two different compilations of SNe Ia, namely the Constitution and SDSS samples, both calibrated with the MLCS2k2 fitter, and for the power spectrum we use the 2dFGRS catalogue. The model parameters to be adjusted are the present Hubble parameter, the present matter density and the Chaplygin gas parameter α. The joint analysis best fit gives α ≈ −0.5, which corresponds to a constant-rate energy flux from dark energy to dark matter, with the dark energy density decaying linearly with the Hubble parameter. The ΛCDM model, equivalent to α = 0, stands outside the 3σ confidence interval.
I. INTRODUCTION
In spite of the amount of precise cosmological data and good concordance between different observations, understanding the two dominant cosmic components, dark matter and dark energy, is still in order. There are suggestions of unifying the dark sector, and a known example is the generalised Chaplygin gas model, in which the dark sector is described by a unique component with density ρ and negative pressure
where A > 0 and α > −1 are constants [1] . In early times it behaves like pressureless matter, and tends to a cosmological constant in the asymptotic future. However, the presence of unobserved oscillations and instabilities in the gas power spectrum was soon realised [2] . The possibility of unified descriptions of the dark sector is related to the so called dark degeneracy, i.e. the fact that the dark components are not uniquely defined [3] . Nevertheless, in a recent paper [4] it was argued that in observational tests it is necessary to properly define the clustering component of the dark sector, the component observed in large scale structures. Any dark fluid, unified or not, can be mapped into two interacting components, the first with zero pressure (here named dark matter) and the other with equation of state p Λ = −ρ Λ (here called dark energy). It was shown that, if the former is non-relativistic, the latter does not cluster and, hence, the defined dark matter can be identified with clustering matter. In this case, the dark matter power spectrum does not suffer from oscillations or instabilities, which are avoided owing to the presence of late-time entropic perturbations related to the energy flux between the components.
These results apply in particular to the generalised Chaplygin gas (GCG). Its split into two interacting components permits the identification of its clustering part and hence a proper analysis of observations [4] [5] [6] . The clustering component has no oscillations or instabilities in its power spectrum. The GCG parameter α determines the rate of energy flux between the components, with a negative α meaning creation of dark matter at the expenses of dark energy.
In this paper we perform an observational analysis of the non-adiabatic GCG, by testing it against precise cosmological observations, namely the Hubble diagram of type Ia supernovas (SNe Ia), the position of the first acoustic peak in the anisotropy spectrum of the cosmic microwave background (CMB) and the distribution of large scale structures (LSS). For the latter we will consider the data from the 2dFGRS catalogue [7] . For supernovae we will take two different compilations, the Constitution and SDSS samples, both calibrated with the MLCS2k2 fitter [8] . This choice is to avoid any bias resulting from the use of a fiducial ΛCDM model in the supernovae calibration, the case for instance of the Union2 compilation that is calibrated with the Salt2 fitter [9] . Our joint analysis leads to the best-fit value α ≈ −0.5. This corresponds to a constant-rate dark matter creation, with the dark energy density decreasing linearly with the Hubble parameter [10] [11] [12] [13] [14] [15] [16] . On the other hand, the value α = 0, corresponding to the ΛCDM model, is comparatively rulled out, standing outside the 3σ confidence interval. This might constitute, possibly for the first time, an evidence of particles creation at cosmological scale.
The paper is organised as follows. In the next sec-tion we discuss the dark degeneracy and the mapping of any general model of the dark sector into interacting two-component models. In section III we particularise these results to the non-adiabatic GCG. In section IV we describe the performed observational tests, and the results are presented and discussed in section V, followed by conclusions in section VI.
II. DARK DEGENERACY
Consider a dark fluid with equation of state p = ωρ, with −1 ≤ ω < 0. Split this fluid into two components, one called dark matter, with zero pressure, and the other named dark energy, with equation of state p Λ = −ρ Λ . With help of the Friedmann equation 1 ρ = 3H 2 , it is not difficult to show that
These components will in general interact. Let us define the rate of energy flux between them as
where a is the scale factor and n defines the dark matter particle number density. For non-relativistic matter, (3) can also be written aṡ
where ρ m is the dark matter density. By using (2), ρ = 3H 2 and the energy conservation equatioṅ
it is possible to show that the energy-flux rate is
The momentum transfer between the components is null in the isotropic background. If it is negligible at the perturbation level, we can prove that the dark energy component does not cluster [4, 17, 18] . This is true, in particular, if dark matter is non-relativistic. Therefore, the dark matter component can be identified with the observed clustering matter. This identification is necessary for observational tests involving the distribution of LSS, as we shall discuss in section IV. This result also guarantees that the dark matter power spectrum will not have oscillations or instabilities caused by pressure perturbations. Indeed, for any perfect fluid the evolution equation for the gravitational potential is given by [5] 
1 We are considering the spatially flat FLRW spacetime and doing 8πG = c = 1.
where the prime means derivative with respect to a, Φ B is the Bardeen gauge-invariant potential, H = aH, k is the perturbation comoving wavenumber, c 2 a = ∂p/∂ρ defines the adiabatic sound velocity, and c 2 s = δp/δρ is the effective sound velocity. If the dark energy component does not cluster, we have δp = δp Λ = 0, leading to c s = 0. Therefore, the term proportional to k in (7) will be zero and the spectrum will be smooth. The difference between c a and c s means that the decomposed dark fluid is non-adiabatic.
III. NON-ADIABATIC CHAPLYGIN GAS
Using (1) in the energy conservation equation (5) we obtain
where ρ 0 is the present GCG energy density andĀ ≡ A/ρ α+1 0
. This density scales with a −3 for a ≪ 1 and tends to a constant when a → ∞. That is, at early times the gas behaves like dust matter, and tends to a cosmological constant in the asymptotic future. With α = 0 we reobtain the ΛCDM model, with ρ =Ā + (1 −Ā)/a 3 . From (1) we can derive the equation-of-state parameter
and hence the adiabatic sound speed
By differentiating p = ωρ we obtaiṅ
Substituting into (5) it follows thaṫ
The gas can now be split into two interacting components like in the previous section, (12) into (6) we obtain the rate of matter creation, Γ = 3αωH.
Since ρ = 3H 2 , we have, from (9) and (13),
while, from (2) and (9), it is easy to obtain Since ρ Λ = A/ρ α (from (1)), we can see that Ω Λ0 ≡ ρ Λ0 /ρ 0 =Ā and, therefore, Ω m0 = 1 −Ā. For α = 0 we reobtain the ΛCDM model, with Γ = 0 and a constant ρ Λ . When α < 0 we have energy flux from dark energy to dark matter, since Γ > 0. For α = −1/2 we have the particular case of a constant Γ, and ρ Λ decreases linearly with H. It was shown in [5, 6] that the split gas presents late-time non-adiabatic perturbations owing to the interaction between the components. This prevents the appearance of oscillations and instabilities present in the power spectrum of the adiabatic GCG [2, 19] , provided that the dark energy component is unperturbed [5, 6] . It was explicitly shown in [14] that this is true in the case α = −1/2.
IV. OBSERVATIONAL TESTS
When testing the GCG against observations, we have to identify the clustering part of the gas to be compared to the observed amount of matter in galaxies and clusters. As discussed above, this identification is unique if we split the gas as in sections II and III. We have seen that in this case the evolution equation (7) does not depend on k, which means that the profile of the dark matter power spectrum will depend essentially on the value of k eq ≡ H(z eq )/(1 + z eq ), the comoving horizon scale at the time of matter-radiation equality. By taking the limit a ≪ 1 in (8) we obtain, for the early-time matter density,
Comparing with the standard expression ρ m = 3H 2 0 Ω m0 z 3 (case α = 0) we see that, for the same amount of matter at high redshifts, we have more (less) matter today for a negative (positive) α. This is expected because of the late-time matter creation (annihilation). With (16) and by using for radiation ρ R ≈ 3H 2 0 Ω R0 z 4 , we obtain the redshift of matter-radiation equality,
Hence, with the use of 3H 2 = ρ m + ρ R , we have
where l H0 = 3000h −1 Mpc is the present Hubble radius, and we are fixing the present radiation density parameter at the standard value Ω R0 = 4.15 × 10 −5 h −2 . For α = 0 the above expressions are reduced to the standard model ones (see, for instance, equation (7.39) of Ref. [20] ). The present power spectrum is, apart from a normalisation constant, given by P = kT 2 (k), if we take the scalar spectral index n s = 1. Neglecting baryons (whose density is only about 5% of the total density) the BBKS transfer function T (k) is given by [21] 
This transfer function was obtained by precisely fitting the observed spectrum with the CDM model. It gives the spectrum profile at the begining of the matter dominated era and, therefore, is valid for any model that differs from the CDM model only at late-times. During the late-time expansion the spectrum is just amplified, and for its normalisation we use the observed spectrum at small scales. The observed position of the first acoustic peak in the CMB anisotropy spectrum is given by [22] 
where l A is the acoustic scale and
Here, r ≡ ρ R (z ls )/ρ m (z ls ) is evaluated at the redshift of last scattering z ls 2 . Using again (16) and
For calculating the acoustic scale, we use 3H 2 = ρ + ρ R . The density parameters of baryons and photons, to be used in the calculation of the sound speed in the baryonphoton plasma, will be fixed at the same values of the standard model, Ω b0 h 2 = 0.02 and Ω γ0 h 2 = 2.45 × 10 −5 . Finally, when testing the distance-redshift relation of type Ia supernovae, the calibration method has special relevance. The Union2 sample was calibrated with the Salt2 fitter, and for it a fiducial ΛCDM model was used [9] , something that may lead to bias. A modelindependent calibration is provided by the MLCS2k2 fitter, used in the calibration of the Constitution and SDSS compilations to be considered here [8] . Table I shows the joint analysis results after marginalising over H 0 , with 2σ confidence level. The two first lines correspond to the SNe Ia samples calibrated with MLCS2k2, and in both cases we obtain α ≈ −1/2, which corresponds to a constant-rate production of dark matter and to a dark energy density decaying linearly with H. The corresponding confidence regions are show in Fig.  1 . The present matter density is in agreement with concordance tests with α fixed as −1/2, which have given Ω m0 ≈ 0.45 [11] . It is higher than the standard model best-fit, as antecipated above for the case of a negative α. The power spectrum for α = −1/2 and Ω m0 = 0.45 is shown in Fig. 2 , together with the 2dFGRS data. The blue line was obtained by integrating the perturbation equations from very high redshifts to the present, as in Ref. [12] . The dashed red line corresponds to the use of Eq. (19) and leads to an error of 4% at most. For comparison we show the spectrum of the ΛCDM concordance model (solid red line). The GCG best fit corresponds to a Universe age t 0 ≈ 13.5 Gyr (for h ≈ 0.7) [11] . The value α = 0, which corresponds to the ΛCDM model, is rulled out in comparison with the best fit, standing outside the 3σ confidence interval (see, however, Ref. [6, 24] ). This agrees with previous tests in which α was fixed as zero and that gave high values of χ 2 min for the SDSS and Constitution samples [11] . This relatively poor concordance reflects the fact that the matter density obtained with LSS alone is Ω m0 ≈ 0.2 [7, 25] , while the best fit obtained with SNe Ia tests using the Constitution and SDSS samples calibrated with MLCS2k2 gives Ω m0 ≈ 0.3 and Ω m0 ≈ 0.4, respectively (see Table II of Ref. [13] ). As we have discussed in the previous section, LSS tests strongly depend on the matter density at high redshifts, while SNe Ia probes are sensitive to the matter density at low redshifts. Therefore, this tension between the LSS and SNe Ia values of Ω m0 (which does not exist for α = −1/2) is itself an indication of late-time matter creation.
V. RESULTS AND DISCUSSION
In the last line of Table I we show, for comparison, the joint analysis results when we use the SDSS sample of SNe Ia calibrated with Salt2. As antecipated in the previous section, the results are moved towards α = 0.
To finish this analysis we need to comment about the power spectrum normalisation. Since the dark energy component does not cluster, the dark matter production is homogeneous, and this causes a late-time suppression of the dark matter density contrast δ m ≡ δρ m /ρ m (see the left panel of Fig. 3 in Ref. [5] ). So, why is the spectrum normalisation not affected? To answer this question, let us remark that we observe the baryonic power spectrum, not the dark matter one. Since baryons are conserved, no suppression in their spectrum is expected, although it presents the same profile as the dark matter spectrum, determined by k eq . This can also be understood if we remember that the baryons distribution follows the gravitational potential, which is determined (via Poisson's equation) by the dark matter perturbations δρ m , not by the contrast δ m itself. The reader can see in the right panel of Fig. 3 in Ref. [5] that the gravitational potential for α = −1/2 presents approximately the same strength and evolution as in the ΛCDM model. This guarantees, by the way, that the CMB power spectrum will also have the correct normalisation. An analysis of the α = −1/2 case with the inclusion of conserved baryons can be found in [26] . A study of non-linear collapse in this model was recently done in [16] .
VI. CONCLUSIONS
Models with interaction in the dark sector have been proposed for a long time (see [27, 28] and references therein). In Ref. [4] it was shown that, in fact, any dark sector model can be mapped into a non-adiabatic fluid with energy flux between the dark energy and dark matter components. Choosing, on the basis of observations, a specific interaction inside this class of models is a difficult task, since the rate Γ is a general function, related to the function ω by Eq. (6). This task becames simpler if we particularise the dark sector to a non-adiabatic GCG, since now the rate Γ, given by (14) , is known up to the constant parameter α, which can be determined from observations. Our analysis has led to a constant rate of matter creation, which corresponds to a dark energy density that decays linearly with the Hubble parameter. Interestingly enough, a linear dependence on H is expected from estimations of the energy density of the QCD vacuum condensate in the FLRW spacetime [29] . On the other hand, from (13) it is easy to see that the obtained constant rate is equal to 3H dS /2, where H dS is the Hubble parameter in the de Sitter limit. In other words, the creation rate is equal, apart from a factor of the order of unity, to the Gibbons-Hawking temperature of the future de Sitter horizon. We have also seen that the ΛCDM model is comparatively rulled out, an evidence in favor of matter creation at cosmological scale.
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